The NITRO subroutine of the DRAINAGE model (Kanwar et al., 1983) was modified using the nitrogen transformation components of the GLEAMS (Leonard et al., 1987) model to predict more accurately the leaching of NO3-N to subsurface drainage water. Predicted values of tile flows and nitrate concentrations in tile effluent have shown a good agreement with observed data for the period from 1984 to 1992. There were some discrepancies between the predicted and observed values in the beginning of the simulation period resulting from lack of field data for soil-profile initialization. Despite the assumed steady-state condition within each time increment (one day) and the complexity of the drainage system, the modified DRAINAGE model has shown the capability to reasonably estimate long-term N loss with tile effluent. Average deviation and standard error between the predicted and observed NO3-N concentrations in the tile water indicated that the modified DRAINAGE model developed in this study resulted in better predictions of NO3-N concentrations in the drainage water than the original DRAINAGE model. (Kanwar et al, 1983) was modified using the nitrogen transformation components of the GLEAMS (Leonard et al, 1987) 
potential, or through simulation modeling. Field testing is, however, limited to the number of locations and scenarios that can be feasibly examined and also requires several years of observations to collect valid data that reflects climatic variability. Computer simulation modeling, on the other hand, serves as a tool for evaluating field scenarios. It involves the integration of complex chemical, physical, and biological processes that influence soil-applied N. Simulation models also assist in extrapolating management impacts to sites outside the experimental area with a minimum of further experimentation and enables the researcher to study new management systems and estimate their effect on production and environmental conditions. The capability of simulation models to incorporate descriptions of the key processes that modulate system behavior make them valuable tools. The combined use of mathematical models and field experimentation is the most cost-effective way to conduct research on the effects of agricultural chemical use on environmental quality.
Several process-oriented models have been developed and evaluated under diverse climatic and management scenarios to assess groundwater loading impacts of NPS pollution. The NPS models divide into two broad categories depending on intended use-screening or planning models and hydrologic assessment models (Novotny, 1986 ).
Simulation models vary in complexity, output presentation, and input parameter requirements. They pursue different approaches to predict chemical behavior in the environment. Extensive effort has gone into the development of these models, yet comprehensive evaluation has been limited mainly because of the scarcity of cognizant personnel and of field data for testing and validation. Spatial and temporal variations involved with the data result in a high degree of uncertainty associated with the results obtained. The DRAINAGE model was developed by Kanwar et al. (1983) to simulate the transport of NO3-N to the drainage water. This model utilized empirical functions for denitrification and mineralization of soil nitrogen which resulted in weaker comparisons between the predicted and observed NO3-N concentrations in the drainage water. Therefore, the overall objectives of this study were to modify the NITRO subroutine of the DRAINAGE model (Kanwar et al., 1983) by utilizing the nitrogen transformation components of the GLEAMS model (Knisel et al., 1987) to simulate more accurately the behavior of nitrogen transport in a tile-drained area. The predicted values of tile flow and NO3-N concentrations in tile effluent were compared with the observed data collected by Kanwar and Baker (1993) . MODEL The DRAINAGE model (Kanwar et al., 1983 ) was developed to simulate the movement of the water and nitrate-nitrogen (NO3-N) transport processes occurring in a typical artificially drained agricultural field during the crop growth period. The soil profile is divided vertically into 11 layers. Each of the first 10 layers, starting from soil surface is 150 mm thick, and the final layer extends from 1.5 to 3.9 m below the surface. Within each layer, the soil properties, water content, and nitrate concentration are considered uniform. The simulation can be divided into two basic components: 1) a daily hydrologic component that predicts runoff using the SCS curve number technique, evapotranspiration, tile drainage, and soil moisture distribution in each layer; and (2) a nitrogen component ( fig. 1 ) that estimates concentration of nitrate in tile flow and in soil layers, nitrogen uptake by plants, mineralization, and denitrification. The hydrology component of this model is presented in detail by Kanwar et al. (1983) . Some of the details on the nitrogen component of the DRAINAGE model are discussed in the following paragraphs. DRAINAGE Nitrogen Component. Nitrate-Nitrogen Transport. Bartholomew and Clark (1965) mentioned that nitrogen moves in the soil only when it is in the form of nitrate because nitrate is soluble and negatively charged. Other forms of nitrogen movement are not considered in this model. Beek and Frissel (1973) considered that the nitrate flow is caused by mass flow of water, diffusion, and/or dispersion.
MODEL DEVELOPMENT

BRIEF OVERVIEW OF DRAINAGE
Diffusion. Diffusion is a function of the concentration gradient of nitrate between layers and is assumed to be governed by the following relationship (Beek and Frissel, 1973) 
where FLRTD flow rate of nitrate due to diffusion
«diffusion coefficient for nitrate of water (m2d-i) TORT «labyrinth factor (Bartholomew and Clark, 1965 
= soil water content (m^/m^ Dispersion. Dispersion is mainly caused by the movement of water tiirough the soil pores. The flow rates of nitrates due to dispersion are proportional to the absolute flow rate of water and the concentration gradient according to the following equation (Beek and Frissel, 1973) : 
LIGHT AND TEMPERATURES
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MODIFICATION OF DRAINAGE CHEMICAL COMPONENT
The NITRO subroutine was modified to simulate more accurately the fate of NO3-N in the subsurface soil environment. Modifications involve incorporating mineralization and denitrification processes from the GLEAMS model. In DRAINAGE, two conditions are imposed for denitrification to take place-sufficient nitrate present in the soil, and high soil water content (at field capacity). When these two conditions are met, the denitrification rate is assumed to be equal to 30 mg (N)d-i m-2. In GLEAMS, denitrification is based on the daily decay rate, the soil-profile temperature, and soil moisture. Denitrification takes place when soil moisture reaches 10% above field capacity and increases to a maximum of unity at the saturation point.
MODEL TESTING AND EVALUATION
EXPERIMENTAL SITE
For model calibration and evaluation, experimental data on daily tile-flows and NO3-N concentrations in tile effluent were available for nine years (1984 to 1992); however, for 1985, 1988, and 1989 no data were available on tile flow because of dry conditions. The experimental site for the study was located at the Iowa State University Agronomy and Agricultural Engineering Research Center, Ames. The experimental site is on a Clarion-Webster soil with a maximum slope of 2%. The drainage system consists of 102-mm-diameter subsurface drains spaced 36.6 m apart. The observations made from one 0.42-ha plot were used to test and evaluate the modified DRAINAGE model. There were some shallow depressions near the tile line otherwise, surface drainage was fair.
To provide access to the tile line, a sump 1.5 m deep was placed to intercept the drain tile, which was at a depth of 1.2 m. A float-activated stage recorder was installed in conjunction with a calibrated flume to provide the time and depth records. The data on daily-tile-flow rate and the concentration of nitrate in the tile flow (sampled once every three days) were collected for nine years (1984 to 1992 ) . Because of the frozen conditions, little tile flow occurred during December, January, February, and most of the March. Therefore, evaluations were based on data collected between the period 1 April to 30 November for each year. 
MODEL INPUT DATA
Initial soil moisture profile, soil temperature profile, water table depth, organic matter, bulk density, and chemical concentration were input to the model. Table 1 shows the list of calibrated parameters and input data used for the final simulation run.
Weather Data. The required weather data for the entire growth period were available. Daily rainfall data and other data, such as Class A pan evaporation, wind velocity, air temperature, and soil temperature, were collected at a location about 1/2 km from the experimental site and were used for model calibration and testing. Daily rainfall, daily pan evaporation, and soil temperature were used as inputs into the model. The model calculates evapotranspiration by the method developed by Shaw (1963) . For some years, the pan evaporation data were not available for the months of January, February, March, November, and December. Therefore, a fixed amount of evapotranspiration (0.35 mm/day for January through April, and 0.75 mm/day for November and December) was used for part of these months.
Soil Properties Data. The data on initial soil water content (table 2) , field capacity, wilting point, diffusivity, unsaturated and saturated hydraulic conductivities, and initial water table depth are required as input in the model. Data on wilting point were taken from Shaw et al. (1972) . The saturated hydraulic conductivity was taken from Kanwar et al. (1989) . The soil profile temperature data for 0 to 150, 150 to 300, 450 to 600, and 900 to 1050 mm depth were available from Iowa State University Agronomy and Agricultural Engineering Research Center, Ames. For other depths (300 to 450, 600 to 750, 750 to 900, 1050 to 1200, 1200 to 1350, and 1350 to 1500 mm), soil profile temperature data were estimated by the linear interpolation method. The soil profile temperature data are required by the modified NITRO subroutine to calculate mineralization and denitrification.
Nitrogen Input. Fertilizer application time and rate data (tables 1 and 3) are needed as inputs to the model. 1 April of the each year is set as the starting day for the model simulation; tiierefore the beginning nitrate concentrations for all layers considered in the model are needed on this date. Total nitrogen (TN) was calculated by converting organic matter (%) to organic carbon by dividing by 1.724 g(OM)g-i (OC), then dividing by the average carbonrnitrogen (C:N) ratio (10:1) for all layers. It certainly is not site specific, but it gives a good estimate of TN.
Plant-growth Variables and Parameters. The planting and harvesting days for the crops, distribution of the root system as a function of time, the crop development ratios, and crop stress factors as a function of soil moisture are required as inputs for the model. Data on moisture stress factors and distribution of the root system were taken from Shaw (1963) . Com growth-rate functions used in the model are similar to the one used by Duffy et al. (1975) .
RESULTS AND DISCUSSION SIMULATED TILE FLOW AND NO3-N CONCENTRATIONS IN TILE EFFLUENT
Simulations were conducted by using the original and the modified DRAINAGE model to predict NO3-N concentrations in subsurface tile effluent for 1984 to 1992. The daily observed and predicted data from 1 April to 30 November for the normal and wet years 1984, 1986, 1987, 1990, 1991, and 1992 (excluding the dry years of 1985, 1988, 1989 because tiles did not flow in these years) were compared. Figures 3 and 4 show that predicted values of tile flows and nitrate concentrations in the tile water for 1984 and 1986, respectively, which compare reasonably well to daily measured values although some discrepancies exist. Table 5 gives the calculated values of average deviation and standard error between observed and predicted tile flows. The average deviation varies from Tables 6 and 7 transportation of NO3-N during winter months of each year are needed for better simulation predictions. Table 8 
